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The Hox8b mutants exhibit both excessive grooming
and self-mutilation. The self-mutilation may be exclu-
sively the consequence of the excessive grooming, but
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havior. Self-mutilation (for example, excessive lip biting)
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ders such as Lesch-Nyhan syndrome and neuroacan-
thocytosis and can occur in other disorders including
borderline personality disorder, schizophrenia, and
some autistic conditions. Self-mutilation can co-occur Conserved Cues for Axonin OCD patients, but is not an elementary feature of the
and Dendrite Growthdisorder. Animal models of self-mutilation behavior have
been proposed, in which rats with 6-hydroxydopamine in the Developing Cortex
lesions of the dopamine system are given levodopa and
exhibit severe and deleterious paw biting (Criswell et
al., 1992). The cellular and molecular mechanisms that guide ax-
The intermingling of excessive grooming and self- onal and dendritic differentiation in the cerebral cortex
mutilation seen in the Hoxb8 mutant mice raises the are just beginning to be defined. Many of the molecular
question of whether serotonergic and/or dopaminergic signals that guide axons also, and sometimes simulta-
transmission is disordered in these mice. Clinically, neously, influence dendritic growth. Whitford et al.
drugs that increase serotonergic transmission such as (2002 [this issue of Neuron]) demonstrate that in addi-
serotonin reuptake inhibitors (SRIs) are useful in treating tion to their roles in axon guidance and cell migration
OCD and OC-spectrum disorders, whereas drugs that cue, Slit proteins can also regulate dendritic growth.
antogonize dopamine D2-class receptors can be helpful
in treating self-mutilation syndromes. It would be valu-
The mammalian cerebral cortex requires the proper for-able to treat the Hox8b mutants with such drugs to
mation of exquisitely precise neuronal circuits to func-explore the relation between Hoxb8 expression and the
tion correctly. In order for these circuits to develop prop-established neurochemical abnormalities of OC-spec-
erly, neurons must elaborate axons and dendrites withtrum and self-mutilation disorders.
specific patterns of arborization. Pyramidal neurons, theThe fact that the Hoxb8 mice express such restricted
primary excitatory projection neurons in the cerebralbehavioral abnormalities strengthens the possibility that
cortex, undergo extensive differentiation soon after com-the mouse disorder mimics tricotillomania. If so, the
pleting migration to their correct position within the sixHoxb8 mutant syndrome may well open a new window
cortical layers. When these neurons first arrive in theon the genetics of OC-spectrum disorders and help to
cortical plate, they are simple in shape; their apical den-account for the paradox that on the one hand, so many
drite extends up toward the pia and their axon growsof these disorders involve aspects of grooming and
away from the pia down toward the white matter. Withcleansing rituals, and yet each subtype (and each pa-
time, the apical dendrite branches extensively, basal den-tient) can express exquisitely specific symptoms.
drites arborize radially from the cell soma, and the axonFinally, it is truly remarkable that such a specific be-
reaches its extrinsic targets and sprouts collaterals thathavioral disorder occurs in mice mutant for one of the
arborize in specific intracortical layers. Although the de-Hox genes, prototypic of genes coding for transcription
velopment of pyramidal neurons has been well de-factors important in guiding development (McGinnis and
scribed anatomically, the cellular and molecular mecha-Krumlauf, 1992). It will be of very great interest indeed
nisms that guide axonal and dendritic differentiation into see whether other of these highly conserved genes
the cerebral cortex are just beginning to be understood.subserve behavioral phenotypes and whether the phe-
Research into the cellular and molecular mechanismsnotypes cluster around the kinds of innate, genetically
programmed behaviors exemplified by grooming. of axon and dendrite growth has blossomed in the past
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few years. One of the central principles that is emerging Using their slice overlay assay, Whitford et al. clearly
demonstrate that Slit1 is a chemorepellant for corticalfrom this field is that many of the molecular signals that
guide axons to their correct targets in the developing axons that acts over long distances (up to 500 m).
In addition to repelling cortical axons, Slit1 also po-brain also, and sometimes simultaneously, influence den-
dritic growth. In a series of studies including one pub- tently increases dendritic growth and branching of both
pyramidal and nonpyramidal cortical neurons, parallel-lished in this issue of Neuron, Anirvan Ghosh and col-
leagues clearly demonstrate that signals classically de- ing a similar role for Slit proteins in the regulation of
axonal branching. Several years ago, in an effort to iden-fined as axon guidance molecules also act to guide
dendrite growth and branching in the developing cortex tify molecular regulators of axon branching, Wang et al.
(1999) first purified an activity from brain extract which(Polleux et al., 1998, 2000; Whitford et al., 2002). These
observations are the result of experiments that aim to can promote the elongation and branching of sensory
axons and showed that this activity corresponded to andefine the molecular signals that cause axons of pyramidal
neurons to grow away from the pia while apical dendrites N-terminal cleavage fragment of Slit2 (Wang et al., 1999).
Here, using both dissociated cultures and slice overlaygrow toward it and arborize in specific cortical layers.
The first clues that chemotropic guidance cues could assays, Whitford et al. show that Slit1-treated neurons
have more complex dendritic arbors than untreated neu-regulate axon and dendrite orientation simultaneously
came from a clever slice overlay assay that Ghosh and rons; conversely, when Slit1 function is blocked using
receptor bodies, dendritic growth and branching arecolleagues developed in 1998 (Polleux et al., 1998, 2000).
In this assay, dissociated fluorescent embryonic neu- decreased. These effects of Slit1 are mediated by the
Robo1 and 2 receptors. Transfection of neurons withrons are plated on top of early postnatal cortical slices.
Cells that adhere to the cortical plate extend axons and dominant-negative forms of these receptors in dissoci-
ated cultures and slices decreases dendritic branching,dendrites with their normal orientation, but those that
adhere to the white matter exhibit random axon and suggesting that endogenous Slit acts as a growth and
branching factor for cortical neurons. Thus, in contrastdendrite orientations (Polleux et al., 1998). The role of
specific diffusible signals in axon and dendrite guidance to the guidance role that Sema3A plays in orienting
apical dendrites, Slit1 acts as a more general dendriteis then tested by placing sources of guidance cues
(other pieces of cortex or cells transfected with recombi- growth and branching signal for cortical neurons.
The idea that a single molecular signal can simultane-nant molecules) in defined positions near these ran-
domly oriented neurons. If the cue influences axon or ously regulate the growth of axons and dendrites of the
same neurons in opposite directions is intriguing. Axonsdendrite orientation, its effects can be directly measured
by quantifying the change in orientation of these other- and dendrites initially grow out of pyramidal neurons at
approximately the same time, so it is likely that they willwise randomly oriented neurons.
The first classical axon guidance molecule to be impli- be exposed to overlapping chemotropic signals. But,
how can a single molecular signal lead to opposite ef-cated in the simultaneous guidance of axons and apical
dendrites of pyramidal neurons in the cerebral cortex fects on growth of different compartments of a single
neuron? A series of reports by Mu-ming Poo and col-was semaphorin 3A (Sema3A) (Polleux et al., 1998, 2000).
Sema3A is expressed in the cortex and acts as a chem- leagues (Song et al., 1998) suggest that levels of the
cyclic nucleotides cAMP and cGMP can determineorepellant for axons of pyramidal neurons, directing ini-
tial axon projections away from cortex and down toward whether a neurite responds to a particular cue with at-
traction or repulsion. Indeed, Ghosh and colleagues pre-the white matter (Polleux et al., 1998). This axon guid-
ance molecule also acts as a chemoattractant for apical viously demonstrated that the opposite effects of
Sem3A on cortical axons and dendrites is mediated bydendrites of cortical pyramidal neurons (Polleux et al.,
2000). Sema3A is both necessary and sufficient for devel- an asymmetric distribution of soluble guanylate cyclase
in apical dendrites of pyramidal neurons (Polleux et al.,opment of correct apical dendrite orientation; blocking
Sema3A function disrupts apical dendrite orientation 2000). However, it remains to be determined if a soluble
cyclase concentration, or an asymmetrical distributionand addition of a localized source of this diffusible factor
attracts apical dendrites (Polleux et al., 2000). of some other signaling element such as a member of the
Rho family of GTPases, mediates the opposite effects ofIn a report in this issue of Neuron, Ghosh and col-
leagues demonstrate that another family of chemotropic Slit on axons and dendrites.
These classical axon guidance molecules are just twoaxon guidance molecules—the Slits—can simultane-
ously repel pyramidal neuron axons and stimulate den- of many extracellular signals that have been implicated
in regulating dendritic growth in the developing cerebraldrite growth and branching (Whitford et al., 2002). The
Slits are a well-studied family of multifunctional guid- cortex. Evidence is rapidly accumulating that dendrites
are remarkably responsive to multiple environmentalance cues which have been shown to both repel axons
and migrating cells, as well as promote elongation and cues, including synaptic activity and molecular signals
from neighboring cells (for recent reviews, Cline 2001;branching of developing sensory axons (for review, see
Brose and Tessier-Lavigne, 2000). Generally, the Slits McAllister, 2000; Redmond and Ghosh, 2001; Scott and
Luo, 2001). In addition to synaptic activity, other candi-exert their effects through binding to specific members
of the Roundabout, or Robo, family of receptors (Brose date dendrite growth signals include the neurotrophins,
Notch, Cpg15, various cell adhesion molecules, os-et al., 1999; Li et al., 1999; Kidd et al., 1999). Whitford
et al. (2002) demonstrate that one of the three vertebrate teogenic proteins, hormones, and glial-derived factors.
Of these molecular signals, the neurotrophins are theSlits, Slit1, and two of the three Robo receptors, Robo1
and Robo2, are expressed in the developing cortex dur- most extensively studied in the cerebral cortex (McAllis-
ter, 2001). The neurotrophins potently influence den-ing the time of initial axon and dendrite differentiation.
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dritic growth of pyramidal neurons in each of the six 1544 Newton Court
Davis, California 95616cortical layers, with distinct effects on apical and basal
dendrites. Furthermore, neurotrophins can stimulate or
inhibit growth of dendrites of pyramidal neurons, de-
Selected Readingpending on the cortical layer and the specific factor
examined. Finally, the effects of the neurotrophins are
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midal neurons undergo an extensive period of apical
dendritic growth and branching, basal dendritic growth
and branching, and axon collateral arborization within
the cortical plate. Each of these processes must be
tightly regulated since the mature axonal and dendritic GABARAP and GABAA Receptorarborizations of pyramidal neurons in the six layers of
Clusteringcortex are exquisitely precise in their laminar specificity.
Currently, it is difficult to create models that explain how
molecular signals can guide all of these complicated
Coyle et al. (2002), in this issue of Neuron, reveal theaspects of neuronal differentiation simultaneously.
crystal structure for the GABAA receptor binding pro-Moreover, pyramidal neurons in each of the six cortical
tein, GABARAP. They show GABARAP can switch fromlayers differentiate at distinct times during development;
a monomer to an extended linear polymer form thatat any particular age during development, deep layer
may function to assemble microtubules during the in-neurons are significantly more well differentiated than
tracellular trafficking or postsynaptic clustering of GA-superficial layer neurons. The next major challenge in
BAA receptors.the field is to elucidate how molecular signals within the
cortical plate at any given time can direct the concerted
differentiation of the highly specific axon and dendritic The cell biological mechanisms that regulate the density
arbors of pyramidal neurons at distinct stages of devel- and localization of GABAA receptors on the surface of
opment across the six cortical layers. Faced with this central neurons influence neuronal excitability. Under-
complexity, it is not surprising that so many molecular standing these processes will be important for deci-
signals, including synaptic activity, have been described phering the steps in synaptogenesis as well as disorders
to regulate pyramidal neuron differentiation in the devel- of excitability such as epilepsy. As with other transmitter
oping cerebral cortex. Ultimately, this large number of receptor systems, proteins associated with the cyto-
molecular players acting in concert may enable cortical plasmic side of GABAA receptors appear to be key play-
dendrites to be exquisitely responsive to changes in ers. One such candidate protein is GABARAP (GABAA
local signals from connected neurons—a capability nec- receptor-associated protein). Coyle et al. (2002) in this
essary not only for the formation of precise neuronal issue and Knight et al. (2001) report the molecular struc-
circuits in the cerebral cortex, but also for activity- ture of GABARAP. Two alternate molecular structures
dependent development and perhaps even adult plas- of this protein, described by Coyle et al. (2002), take us
ticity. a little further along in our understanding of its role in
receptor localization mechanisms.
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